Drying of a cylindrical sample in a fluidized bed dryer containing inert particles was studied. For this purpose, a pilot-scaled fluidized bed dryer was constructed in which two different heat sources, hot air and infrared radiation were applied, and pieces of carrot were chosen as test samples. The heat transfer coefficient for cylindrical objects in a fluidized bed was also measured. The heat absorption coefficient for carrot was studied. The absorption coefficient can be computed by dividing the absorbed heat by the carrot to the heat absorbed for the water and black ink. In this regard, absorbed heat values by the carrot, water and black ink were used A mathematical model was proposed based on the mass and heat transfer phenomena within the drying sample. The results obtained by the proposed model were in favorable agreement with the experimental data.
INTRODUCTION
The process of drying is one of the main energy consuming processes encountered in chemical engineering and this single step occurs in most chemical processes. Considering the high energy cost and environmental issues, increasing the thermal efficiency is of prime importance. Applying novel technologies such as drying with combined convection and radiation thermal sources, which accelerates drying, increases dryer capacity and decreases the heat wastes that seem unavoidable (Promvonge et al., 2011; Dandee et al., 2011) . Fluidized bed drying is of high importance. This method is mostly used to dry seeds and enjoys the advantage of suitable mixing, which increases the mass and heat transfer coefficients between the solid and the gas phase. Izadifar et al. (2003) modeled a discontinuous fluidized bed dryer. They used the two-phase theory of fluidization and obtained the gas and solid moisture variations with time and location in the bed by using the energy and mass balance equations.
The use of inert particles as energy carriers in current fluidized bed driers (FBD) is still in the development stage and has the following advantages (Hatamippour and Mowla, 2003) :
Improvement of floating properties of the drying sample, with reduction in the minimum fluidization velocity.
Homogeneous bed temperature and decrease in local warming of the drying sample.
Increase in mass and heat transfer. Electromagnetic waves such as infrared radiation, microwave, dielectric, and radio waves are another way of heating the drying materials. Infrared waves can be electrically generated using electrical elements or by internal combustion engines. These driers are of high radiation efficiency and are being developed for drying of porous materials. In the Japanese food industry, these driers are applied to seaweed and carrot drying (Sakai and Hazawa, 1994) . When electromagnetic waves impinge on the surface of the material, energy is generated via electronic excitation and molecular vibrations. The different energy absorbing mechanisms resulting from electromagnetic wave radiations are determined by the wavelength of the electromagnetic radiation. The change in the electronic configuration of the molecules is caused by wavelengths in the 0.2-0.7 micrometer range, which is in the region of the ultraviolet and visible. The change in the vibration state of molecules occurs at wavelengths of 2.5-100 micrometers, which is in the region of the infrared. The change in the rotational state of atoms and molecules is related to wavelengths above 100 micrometers in the region of microwaves. Infrared radiation causes the molecules to vibrate and heat is generated due to the friction that results from their vibration (Naret Meeso, 2006; Ginzburg 1969) . Ranjan (1995) assumed that agricultural seeds are a blur material in thermal modeling of infrared and radiation energy. This term was considered to be the energy generation term in the partial differential equation of the heat transfer and the volumetric rate of the generated heat was assumed to decrease exponentially. Isengard et al. (2003) studied the water content of products containing a high degree of sugar using the infrared drier. Mass loss was not only restricted to water loss, but also to other types of volatiles. Togrul (2006) proposed a model for the drying of carrot in which the infrared drier properties were studied in the temperature range from 50°C to 80°C. The influence of temperature on drying rate was clearly observed, so that when the temperature was raised from 50ºC to 80ºC, the drying rate doubled. Sharma et al. (2005) studied the drying of thin layers of onion using infrared radiation. Hebbar et al. (2006) examined the process of drying of vegetables through hot air and infrared radiation. In this study, hot air was used for the displacement of the generated heat. Using this system the drying time decreased by 48% at 40ºC. This process reduced the energy consumption by nearly 63%.
Combining convection and radiation heat transfer is of great importance in increasing the thermal efficiency of driers. Radiation heat transfer has no need for material media and solely depends on the radiation properties of the product to be dried and the heat source. Agriculture products have an infrared radiation absorption coefficient of around 70% to 90%. When infrared waves are radiated to the material to be dried, the internal temperature of the particle is increased. The moisture concentration (content) gradient is the driving force for the moisture to transfer towards the sample surface, where it is removed by the surrounding air (Sharma et al., 2005b; Abbasi and Mowla, 2008) .
In several industries, drying using a fluidized bed and infrared radiation has been separately studied. However, the drying process using this combination has been less studied.
In this study, a fluidized bed drier with two thermal sources, hot air and infrared radiation, was designed and modeled. The mathematical model describing the mass and heat transfer in a cylindrical particle is presented and numerically solved with the development of a computer code in MATLAB. The effect of different parameters on the drying rate was studied and the surface temperature profile and moisture content over time were calculated.
MATERIALS AND METHODS
Cylindrical carrot cuts were selected as the drying sample. They were obtained using metal frames, which were penetrated into the carrot. In this study, samples of 8. 41, 9.84 and 12.85 mm in diameter with varying lengths were used. These samples were kept in a refrigerator for 24 hours and held in closed plastic containers to reach uniform initial moisture content. The size of the samples was measured using a micrometer with an accuracy of 0.01 mm. Several measurements of the dimensions of the samples were performed and only samples within a 5% tolerance of the average dimensions were used. Initial carrot moisture at the time of the experiment was about 74%. The physical properties of the carrot sample and air are given in Table 1 . et al. (1989) 
Experimental Apparatus and Measurement Techniques
In order to conduct the experiments, a pilot-scale fluidized bed was designed to combine hot air and infrared radiation sources for drying. The schematic of this apparatus is shown in Figure 1 and a picture of the dryer section is shown in Figure 2 . The inside diameter and length of the pyrex dryer column were 78 mm and 60 cm, respectively. Glass spheres with a diameter of 3 mm and physical properties of ρ IP =2700 kg/m 3 ; k IP =0.78 W/mºC; and C pIP =0.86 kJ/kgºC were used as inert particles. The drying sample was suspended inside the drier. The temperature at the center and surface of the dryer were measured with thermocouples (Lutron+Pt 100+type K/J/R/E/T). Mass variation was recorded at specified time intervals by a balance with an accuracy of ±0.0001 gr (RADWAG, WAS 220/C/2). Air required for drying was provided by a highpressure compressor after the removal of its moisture and probable oil. The compressor pressure was later adjusted to the desired pressure level by the pressure regulator. Several holes were made in a circular Teflon disk with a thickness of 3 cm and then hot air was sent into the inlet pathway so that the air would uniformly flow into the drier bed. The air velocity was digitally measured and its temperature adjusted to the desired state by an electric heater equipped with a temperature control system. Three 250 Watt infrared lamps were placed around the Pyrex column with equal spacing and 7-9 cm away from the column center. Electrical power of the infrared thermal sources was adjustable by current control. An electronic moisture meter (LUTRON, Model HT-3006) was used to measure the moisture content of the air at the inlet and outlet. Mass, surface and center temperatures, and the diameter and length of the sample were measured at specified time intervals until the sample was fully dried. In order to increase the accuracy, each experiment was performed twice. The average initial moisture of the sample was obtained by complete drying of a determined mass at 105°C. Air velocity was measured by an accurate velocity meter (LUTRON, Model AM-4216). In order to compute the volume of the sample, its length and diameter were measured. However, its volume was also measured by submerging the carrot sample in toluene. Thermophysical properties of the drying sample are presented in Table 2 . 
Calculation of Heat of Infrared Radiation
The average volumetric power of the heat generated by the infrared radiation was experimentally measured. For this purpose, several experiments were conducted by placing a quartz container containing water, black ink and carrot at different positions of the drier bed, as shown in Figures 3 and 4 , and measuring the absorbed heat. The values for different experiments are listed in Table 3 .
By measuring reduced water mass and water temperature before and after using infrared radiation, the absorbed and latent heat of the evaporation can be calculated. The generated heat per unit volume of the heating sample is shown in Equation (1):
In different operational conditions of the fluidized bed, the average heat absorbed by the drying sample in different positions was obtained. The absorption coefficient can be computed by dividing the heat absorbed by the carrot by the heat absorbed by the water and black ink. In this regard, absorbed heat values for the carrot, water and black ink were used (as shown in Table 2 ). The average absorption coefficient ratio of carrot to water was 0.8352 and carrot to black ink was 0.8349. As is evident, there is no difference between the water and black ink absorption coefficients. Q r was measured by the calorimeter method. 
Calculation of the Overall Heat Transfer Coefficient
The lumped method was used to measure the value of the average heat transfer coefficient h t (Salagnc et al., 2004; Rizzi et al., 2009) . For this purpose a piece of metal with high thermal conductivity was placed in the fluidized bed to find the h t value. In this regard, the fluidized bed dryer containing inert particle was operated for about two hours to reach the thermally stable condition (constant temperature). An aluminum cylinder was then introduced into the drying column. In each experiment, the temperature at the center of the aluminum cylinder was measured at different time intervals in the presence of energy carrying particles (infrared radiation was not present). Experimental results showed that the presence of particles as energy carriers caused the solid temperature to reach the final temperature quickly. This analysis assumed a negligible temperature gradient within the solid; thus, heat transfer resistance was concentrated at the particle surface. By applying the initial condition (T=T 0 at t=0) and integrating the energy equation in the metal sample, the following equation is obtained:
Temperature-time data is plotted as
versus time, as shown in Figure 5 . The slope of the line was used in the calculation of the overall heat transfer coefficient. The experiment was repeated three times for different sizes of aluminum cylinder. The average heat transfer coefficient for the cylinder with a diameter of 8, 10 and 12 mm in the fluidized bed with an air temperature of 50°C was about (127-130)± 4.5 W/m 2 K. It is noteworthy to mention that, due to the mixing and turbulence in the fluidized beds, the heat transfer coefficient between the floating sample and the bed was of the order of (100-400) W/m 2 K [Botterill, (1975) ].
Using the Chilton-Colburn analogy, the convection moisture transfer coefficient ( 2 kg m s ) was calculated from the heat transfer coefficient by the following equation:
This analogy is well known and widely used in simultaneous mass and heat transfer comparison. Validity of this analogy under different conditions was studied by Nomura and Farfell (1985) .
Calculation of the Bi number revealed that this number was always less than 0.1, so the lumped capacity assumption was acceptable. Therefore, when heating the cylindrical metal sample floating in the fluidized bed containing energy-carrying inert particles, one is able to use the Chilton-Colburn analogy and the measured heat transfer coefficient to calculate the convection mass transfer for the carrot sections with diameters of 8, 10 and 12 mm to be about (0.11-0.14)± 0.004 kg/m 2 s. 
MATHEMATICAL MODELING
It was assumed that moisture transfer occurred during liquid diffusion. Moisture moved from the interior towards the interface and evaporated at the interface. Other assumptions that were made are as follows:
One-dimensional heat and moisture transfer; No chemical reaction during drying; Air was uniformly distributed within the drying column;
Air and Pyrex glass allow for the passage of electromagnetic waves;
The drying sample was assumed to be a grey material.
This model was adapted for a cylindrical sample with a diameter of d p and length of L p in which L p / d p >5, and thus was considered as one-dimensional heat and mass (moisture) transfer. Initial moisture content and temperature were uniform throughout the material and equal to X 0 and T 0 , respectively. The drying sample was exposed to hot air and floats along with the inert particles, which worked as energy carriers by the air driving force. Infrared light from three lamps was used to irradiate the drying sample and the bed.
Mass Conservation Equation
In order to derive the mass transfer equations, a control volume with a thickness of the drying material was assumed. The mass conservation equation is as follows:
The initial and boundary conditions for this equation are:
The volumetric moisture content in the drying sample is given in Equation (6):
Energy Conservation
Like the mass conservation equation, the energy balance for the control volume is:
and initial and boundary conditions are:
In Equation (8c) when only hot air was used and the surface temperature was higher than the inside temperature or in the combined condition, a negative sign was used for the first 500 seconds. When the internal temperature was higher than the surface temperature, a positive sign was used. The average volumetric temperature in the drying sample was computed via the following relation: The Stephan-Boltzmann equation indicates the intensity of heat transferred to a sample under infrared radiation. In this study, the drying sample was completely covered by the infrared radiation and thus had a shape factor of unity. Radiation heat transfer to the sample is calculated by the Equation (10).
( )
The volumetric heat generated radially in cylindrical coordinates is calculated by the Lambert equation: The decay factor (K) is indicative of the infrared wave penetration into the drying sample and its inverse is referred to as the "penetration depth" (Saiagnac et al., 2004) . Smaller values of the decay factor signify a larger penetration depth and indicate slower radiation flux decay. The decay factor is a characteristic of materials and depends on the chemical composition, the chemical and physical properties, and the wavelength of the radiation.
Since water is the main component of most biological materials, infrared penetration depth can be partially studied by the water absorption heat. Water is capable of absorbing infrared waves with a wavelength longer than 1.4 m μ and less infrared of wavelengths shorter than 1.4 m μ . Thus, a dry carrot has a smaller absorption coefficient than a wet carrot (Sandu, 1986) . Experimental values of the decay factor of various food products can be found in papers presented by various authors, while no specific method is available for the measurement of these properties. Ginsburg (1969) summarized the penetration of infrared waves with short wavelengths in different materials. Table 3 shows the penetration depth of infrared waves with different wavelengths for some agricultural products. Penetration depth depends on the type of material, wavelength and radiation energy. For a wavelength less than 1.25 m μ , penetration depths for carrot, pork and bread have been measured to be 4.7 mm, 2.3 mm, and 6.25 mm, respectively.
Solution of the Mathematical Model
The proposed model numerically predicted the temperature and moisture content of the drying sample by considering Equations (4) and (7) and inserting the initial and boundary conditions. The Crank-Nickolson finite difference method was employed to solve the above equations for the temperature and moisture variation through time (Stakic et al., 2011) .
Equation (4) can be rewritten as:
The following numerical equations are used to discretize Equation (12),
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RESULTS AND DISCUSSION
In order to validate the modeling results, the computational and experimental data were compared. Average moisture variation and surface temperature of the drying sample calculated by the proposed mathematical model and measured in the pilot-scale apparatus were compared. Results of these comparisons are shown in Figures 6 and 7 . Experiments were conducted for both the fluidized bed and the fluidized bed combined with infrared conditions. The average moisture content of the drying sample was determined by measuring the mass of the sample with time and by considering the mass of the fully dried sample. Figure 6 shows the comparison between the experimental data and model prediction (using Equation (4)) of the moisture content at different times. In this figure, the moisture content from the experimental and mathematical models was a decreasing curve, which indicated that drying of hygroscopic materials took place at a decreasing rate. In the initial stages of the drying process, the average calculated moisture content showed a favorable agreement with the experimental data. As shown, both the expected and experimental moisture content followed an exponential decay, characterizing the drying in the falling-rate period for hygroscopic materials. The predicted average moisture content showed good agreement with the experimental data. However, at the end stages of drying with combined infrared and hot air heating‚ the proposed model did marginally underestimate the moisture contents of the drying sample (Hatamipour and Mowla, 2003; Meeso, 2006) . This was due to the initial assumptions made or to the possibility that the equilibrium moisture content used in the model may be different from the equilibrium moisture content of the carrot in the laboratory because of the differences in materials (due to the cultivar or seed conditions).
In addition, in the combined fluidized bed and infrared radiation, the deviation in the estimation of the temperature distribution during the drying was due to the use of the Lambert equation, which relied on the assumed dependence of infrared absorption as a function of the moisture content of the drying sample. It is worth mentioning that the mass and energy equations were interdependent. The effective moisture diffusion coefficient, D eff , in the mass transfer model was a function of temperature. When calculating the temperature at the surface and center of the drying sample and comparing it with the measured values, there was an overestimation by these models. This was due to the assumptions of the model, which depended on the penetration depth of the infrared waves into the sample, absorption properties of the drying sample, and estimation of the energy generated in the drying sample.
Since mass balance equations were not independent of the energy equation, overestimation of the temperature by the model (compared to the measurement results) resulted in the underestimation of the moisture content in the final part of the drying curve. Furthermore, the equilibrium moisture measurements at the boundary conditions had normal errors. Another source for this deviation could be the error in temperature measurements. It must be remembered that the energy and mass equations are not independent. The effective moisture diffusivity in the mass transfer model is a function of temperature.
Validation of the proposed model suggests that the model is capable of predicting the temperature and moisture content distribution within the carrot sample under different operational conditions. Temperature and moisture variations in carrot samples for different operational conditions without infrared radiation (Figures 8 and 9 ) showed that the central point of the samples possessed the highest moisture, while the external surface has the lowest moisture content. The temperature at the center was lower than the surface temperature, enabling heat transfer from the surface to the interior of the carrot sample and moisture transfer from the interior to the surface. From this figure it can be seen that the moisture at the surface of the sample attains its final value at the early stages of drying. This attests to the fact that, in the drying of carrot‚ the resistance to mass transfer controls the drying rate. The surface temperature had the maximum value of the air temperature. It was also observed that moisture at the surface of the sample reached its final level when it was in equilibrium with the surrounding air. In the case of combined hot air and infrared radiation ( Figures 10 and 11) , the temperature and moisture variation curves showed that the moisture content values were similar to the FBD system and that only the drying rate increased. However, the temperature at the center was at the maximum level, while the surface showed the lowest value. Thus, both heat and moisture were transferred from the center towards the surface. Indeed, electromagnetic waves were better absorbed at points with higher moisture and thus temperature increased in these regions. A comparison of the model predictions revealed that the sample temperature increased at a higher rate than the convection drying process. In this period, the energy absorbed by the sample from the hot air and infrared waves in the fluidized bed was more than the energy loss due to moisture evaporation. Therefore, the surface was cooled by the convective flow. Consequently, compared to conventional convective heating, the sample temperature increases at a higher rate and the absorbed infrared energy is higher than the associated energy losses during this period.
CONCLUSION
In this work, the drying of cylindrical carrot samples in a fluidized bed containing inert energy carrier particles with hot air and infrared radiation was studied in a pilot-scale fluidized bed dryer. The heat absorption coefficients for carrot, water and black ink were measured. The average absorption coefficient ratios of carrot to water and carrot to black ink were found to be 0.8352 and 0.8349 respectively. Also, the heat transfer coefficient for cylindrical objects in a complete mixed fluidized bed was measured at 127-130 W/ m 2 K and was in good agreement with the values reported by other researchers. A mathematical model was proposed for the unsteady state conditions and the finite difference method was used to solve the mass and heat transfer equations. The model showed that application of infrared radiation was very effective in terms of drying rate due to the absorption of heat by the water molecules in the drying sample. Good agreement was observed between the experimental data and the proposed model predictions. The model was capable of predicting the temperature and moisture profile in the drying sample. The effects of temperature, velocity of air and the mass and size of inert particles on the rate of drying were also studied. An increase in the air temperature and the mass of the inert particles, and a decrease in air velocity and size of the drying sample all resulted in an increase of the drying rate.
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